Abstract The main scope of this work is applying an aerobic composting model for remediation of petroleum hydrocarbon-contaminated soil. For this purpose, the reaction kinetics was integrated with the mass and energy balances over the composting system. Literature pilot scale data for bioremediation of diesel oil-contaminated soil was used for model validation. Comparisons of simulation results with experimental data for diesel concentration and oxygen concentration showed good agreement during the remediation process. With validated model for bioremediation of diesel oil-contaminated soil, the influence of amendment type, bulking agent, amendment/soil ratio, bulking agent/soil ratio, moisture content and airflow rate were investigated on diesel biodegradation. The simulation results showed that maximum degradation of diesel occurred in the presence of yard waste as amendment. Furthermore, addition of bulking agent (wood chips) increased the diesel degradation about 6 %. In presence of yard waste as amendment and wood chips as bulking agent, the optimal values for maximum remediation were amendment/soil ratio (2.5 kg kg -1 ), bulking agent/soil ratio (2.25 kg kg -1 ), initial moisture content (62.5 %) and airflow (0.520 m 3 day -1 kgBVS -1 ).
Introduction
Every year, large amounts of petroleum and petroleum hydrocarbons enter the environment because of human activities and unforeseeable accidents (Zhu et al. 2001 ). These penetrated oils remain unchanged for a long time inside the soil and have a great potential to cause serious damage to natural ecosystems (Obire and Anyanwu 2009) . Therefore, soil pollution by petroleum products is a common problem in the world, which causes lots of concern (Megharaj et al. 2011; Riser-Roberts 1992) . It has been well established that bioremediation technologies are suitable techniques to clean up chemically polluted soils (Abdulsalam et al. 2011; Megharaj et al. 2011 ). Up to date, several bioremediation techniques have been reported to clean up soils contaminated with hazardous chemicals (Abdulsalam et al. 2011; Adams and Guzmán-Osorio 2008; Bento et al. 2005; Chaineau et al. 2005; Fountoulakis et al. 2009; Gallego et al. 2001; Jorgensen et al. 2000; Megharaj et al. 2011; Yousefi Kebria et al. 2009; Zhao et al. 2010 ). Due to low capital and operating costs, simplicity of operation and design, and relatively high treatment, composting technique is preferred in comparison with the other methods (Namkoong et al. 2002; Van Gestel et al. 2003) .
Generally, the composting process is applied to decompose and stabilize organic solid wastes including; yard wastes, agricultural crops, food wastes, manure, municipal solid wastes, sewage and industrial sludge (Haug 1993) . Furthermore, it has been demonstrated that composting could be employed as an effective method for remediation of oil-contaminated soils (Antizar-Ladislao et al. 2004; Al-Daher et al. 1998; Bento et al. 2005; Freeman and Harris 1995; Hwang et al. 2006; Megharaj et al. 2011; Namkoong et al. 2002; Van Gestel et al. 2003) . Up to now, various experimental studies have been accomplished for remediation of oil-contaminated soils by composting. However, due to the large number of affecting parameters in composting process and time consuming nature of the process, determination of optimum condition for maximum removal of hydrocarbons from polluted soil is experimentally impossible. Therefore, employing modeling techniques to determine the optimum condition for remediation process is inevitable. To the best of the authors' knowledge, modeling of contaminated soil remediation by composting process has not yet been reported in literature.
The main objective of this study was to apply a mathematical model for remediation of petroleum hydrocarboncontaminated soil by aerobic composting process and validate this model with experimental data. To validate the model, a typical published experimental data of diesel oil-contaminated soil bioremediation using composting process (Van Gestel et al. 2003) was utilized. Furthermore, the effects of various parameters on diesel decomposition were investigated using the developed simulator, and optimum condition for maximal removal of diesel from polluted soil was determined. It is not necessary to say that the developed simulator can also be employed to simulate remediation of soil polluted by any other types of petroleum hydrocarbon.
Materials and methods

Modeling and simulation method
The mathematical modeling and simulation in this work is a direct application of the Haug's model (1993) to the literature experimental data of petroleum hydrocarbon-contaminated soil remediation. The model is based on chemical reaction engineering principles as well as mass and energy balances equations. A three-phase system including solid phase or dry substrate, liquid phase or water and gas phase has been considered for model description. The dry substrate consisted of organic and inorganic part. The organic solid part has been divided also into biodegradable volatile solid (BVS) and non-biodegradable volatile solid (NBVS) components. BVS component of dry substrate is degraded due to bacterial activities during the aerobic composting process. So, oxygen is consumed and carbon dioxide, water and ammonia are produced. Furthermore, heat is released due to organic oxidation (exothermic reaction) of BVS component.
The liquid phase of the system is water. Water either enters the system along with wet substrate, or is produced in the system by organic decomposition of the BVS component. Moreover, as composting is a dehydrating process, supplemental water must be added to the system. The gas phase comprised of several components including: nitrogen, oxygen, water vapor, carbon dioxide, and ammonia. The first three components enter the system by input air. Water vapor and the last two components are produced by organic oxidation of BVS.
Once system components were determined, the degradation kinetics was coupled with mass and energy balances equations and the composting state variables were determined. State variables were defined as the variables that describe the system components' properties at different conditions. The most important state variables are temperature, moisture content, and oxygen mass fraction. To simplify the modeling approach, the following assumptions were considered: -The entire composting process is broken into a number of well-mixed series reactors/stages. -Model parameters are lumped over each stage. -The gas phase is ideal. -Composting operation is accomplished at constant pressure. -Heat capacities of system components are constant. -Enthalpies are pressure independent.
-pH effects are negligible. -Petroleum hydrocarbons considered as a part of the solid phase.
Process kinetics and stoichiometry
The composting kinetics is a complex subject and reaction rates can be limited by several factors including moisture content, free air space, oxygen concentration, lack of degradable organics, process temperature, imbalanced pH conditions, lack of inorganic nutrients, lack of microbes, and the toxic substance (Haug 1993; Mason 2006) . Therefore, a complete mathematical description of composting kinetics based on first principles is not possible. To overcome this problem in the modeling of composting process, usually the first order kinetics is considered for BVS degradation and the effects of other parameters on reaction kinetics are imposed by empirical relations (Haug 1993) . According to Mason review for composting modeling (Mason 2006) , first-order kinetics model with empirical corrections for temperature, moisture, oxygen concentration and free air space are generally successful in predicting the evolution of dynamic state variables (temperature, solids, moisture, oxygen and carbon dioxide concentration). Furthermore, using the first-order kinetics model for degradation of organic materials and petroleum hydrocarbons has been previously justified by several authors (Jorgensen et al. 2000; Hwang et al. 2006; Namkoong et al. 2002; Van Gestel et al. 2003) , among others. So, the first-order kinetics model (Haug 1993; Mason 2006; Petric and Selimbasic 2008) with empirical corrections for temperature, moisture, oxygen concentration and free air space was considered as follows for biodegradation process and the effects of the other factors were ignored:
Here, BVS is the mass of biodegradable volatile solid matter in the substrate (kg), t is time of the remediation process (day), and k is the decomposition reaction rate constant (day -1 ). BVS was degraded according to the following reaction (Haug 1993; Petric and Selimbasic 2008) :
The general formulas of substrates were adapted from Haug (1993) . Due to the complex behavior of the composting process, BVS degradation was assumed to be influenced only by temperature, moisture content, oxygen concentration and free air space (FAS). According to Haug's handbook (1993) the reaction rate constant can be corrected as follows:
where k T is temperature correction function, and F1, F2 and FO 2 correct the effect of moisture content, free air space (FAS) and oxygen concentration on the biodegradation rate constant, respectively. In this study, the proposed temperature correction factor of Haug (1993) was adopted using the following equation: ), and T is the substrate temperature (°C). Haug (1993) also proposed the following correction functions for F1, F2 and FO 2 :
In the above equations, S m is solid content fraction of the substrate. VPO 2 is the volume percent of oxygen in the exhaust gases from the composting process. Free air space (FAS) was calculated according to the following relations (Haug 1993) :
Here, d m and d w stand for the substrate mixture density and water density (kg m -3 ), respectively. G m , G v and G f stand for the solids' mixture specific gravity, solids' volatile fraction specific gravity (=1) and solids' fixed fraction (ash) specific gravity (=2.5), respectively. V s stand for the solids volatile fraction and C stands for the substrate mixture bulk weight coefficient (0.15-0.4).
Mass balance
Mass balance analysis must be applied over all components which enter to and exit from the three-phase system boundaries. The necessary independent mass balance equations were applied for solid, gas and liquid phase in the following three subsections so that the modeling of composting has a unique solution.
Solid phase mass balance Applying conservation of mass, the following equation can be written for the solid phase:
where m so , m si , and m DBVS are the mass flow rate (kg day -1 ) of output solid substrates, input solid substrates, and decomposed volatile solids, respectively.
Gas phase mass balance The gas phase consists of dry air, water vapor, carbon dioxide, and ammonia. The mass flow rate of input dry air and water vapor to the system were calculated based on the following equations (Haug 1993) :
where m airi is the mass flow rate of the input dry air (kg day -1 ), m wvi is the mass flow rate of the input water vapor(kg day -1 ), P is the atmosphere absolute pressure (mmHg), PV is the actual water vapor pressure in the input air (mmHg), Q air is the input air flow rate (m 3 day -1 ), R is the universal gas constant (0.062364 mmHg m 3 k
), T air is the ambient air temperature (°C), RH is the relative humidity of input air, and PVS is the saturation water vapor pressure in the input air (mmHg).
The mass flow rate of output dry gases and water vapor were calculated using the following equations (Haug 1993) :
m wvo ¼ m gaso 18:015 28:96
where m gaso is the mass flow rate of output dry gas (kg day -1 ), m CO 2 is the mass flow rate of generated CO 2 (kg day -1 ), m NH 3 is the mass flow rate of generated NH 3 (kg day -1 ), m O 2 is the mass flow rate of consumed oxygen in organic decomposition reaction (kg day -1 ), m wvo is the mass flow rate of output water vapor (kg day -1 ), PVO is the actual water vapor pressure in the exit gas (mmHg), and PVSO is the saturation water vapor pressure in the exhaust gas. The calculation details of generated/consumed components were given by Haug (1993) .
Liquid phase mass balance As mentioned previously, liquid phase is totally composed of water. Water enters the process from various sources including; substrates water content, generated water due to decomposition reaction and supplemental water, which maintains appropriate moisture content in the process.
The following equation was developed for the water balance in the composting process:
where m wso is the mass flow rate of water in output solids, m wsi, m wp and m wad are the mass flow rate (kg day -1 ) of substrates water content, added water, and produced water, respectively.
Energy balance
Having completed mass balances for each stage, the corresponding energy balances are required to determine stage temperatures. In order to construct the energy balance, input and output energies as well as released energy due to the decomposition reactions must be calculated. Total input energy, H toti (kcal day -1 ), was determined according to the following equation:
where N is the number of input components, m i is the mass flow rate of component i (kg day -1 ), Cp i is the specific heat of component i (kcal kg -1°C-1 ); T i is the temperature of component i (°C) and T ref is the reference temperature (=0°C). This equation is probably the easiest way to compute the energy change caused by temperature change without involving chemical reaction. Total output energy, H toto (kcal day -1 ), was determined based on the following equation:
where M is the number of output components, m j is the mass flow rate of component j (kg day -1 ), T is the process temperature (°C) and H lv is the latent heat of vaporization for pure liquid water (kcal kg -1 ). The total released energy, H torg (kcal day ), due to the decomposition reaction was calculated by:
where L is the number of degradable components which entered the process, m DBVS h is the mass flow rate of degradable component h (kg day -1
), and H BVS h is the higher heat value of component h (kcal kg -1
). Finally, the overall energy balance over each stage was written as follows:
Numerical solution
In this paragraph, the method for solving the obtained mass and energy balance equations has been discussed. In the model of Haug (1993) , total process was broken into a number of well-mixed series stages. The stage temperatures were determined iteratively using heat and mass balance calculations. In other words, mass balance was completed iteratively for the first stage. Having completed the mass balance, the corresponding energy balance was determined for the first stage. If energy balance was not closed, a new temperature should be chosen for the next iteration of the energy balance. This procedure should be repeated until mass and energy balances will be closed for all remaining stages.
Results and discussion
Model evaluation
In this study, the pilot scale data of Van Gestel et al. (2003) for bioremediation of diesel oil-contaminated soil was used for model validation in which a sample of diesel oilcontaminated soil was remediated by aerobic composting. The soil was spiked with commercial diesel oil at a concentration of 60 g kg -1 fresh weight. The polluted soil was mixed with biowaste at a 1:10 ratio (wet weight) and composted in a monitored composting bin system for 12 weeks (Van Gestel et al. 2003) . Due to clogging of composting substrates after day 20, the aeration to diesel oil was hindered; therefore, wood chips (30 % w/v) were added as bulking agent to composting mixture on day 29. During composting operation, several state variables including: temperature, oxygen concentration of the outlet gases and solid content of the composting materials (Van Gestel et al. 2003) were measured. These data were gathered at days 1, 3, 6, 9, 13, 21, 27, 34, 41, 48, 55, 62, 69, 76 and 85. The measured data of Van Gestel et al. (2003) are depicted in Table 1 . As observed from reported data of Table 1 , 84 % reduction in diesel content was reached during the composting of polluted soil. Furthermore, it was demonstrated that a first-order kinetic model fitted well for diesel remediation through aerobic composting.
To examine the model validity, the reported results of Van Gestel et al. (2003) was utilized. Therefore, simulations were accomplished at the same operating conditions of Van Gestel et al. (2003) , and the obtained results for diesel degradation and oxygen concentration were compared.
For this purpose, the physical, chemical and thermodynamic properties of all substrates in the process must be previously defined for the model. Furthermore, the necessary kinetics parameters must be established based on the reported data of Van Gestel et al. (2003) . As mentioned previously, three substrates including polluted soil, biowaste and woodchips entered the process. It must be mentioned that, Van Gestel et al. (2003) considered a mixture of vegetable/fruit waste, garden waste, and paper as biowaste. As the composition of Van Gestel et al. (2003) biowaste was not reported, it was assumed that the biowaste composed of 40 % vegetable/fruit waste, 40 % garden waste and 20 % paper. The various characteristics of biowaste components and wood chips were collected from Haug (1993) and other references (Cahyari and Putra 2010; Haug 1980; Jolanun et al. 2005) . Physical, chemical and thermodynamic properties of biowaste components and substrates are reported in Tables 2 and 3, respectively. To calculate the degradation rate of diesel under composting condition, the necessary kinetics parameters of diesel degradation (Maximum reaction rate constant at temperature 20°C (day -1 )) must be established based on the data in Table 1 . As mentioned previously, the firstorder reaction kinetics was considered for degradation reaction. So, the overall reaction rate constant could be determined according to the following relation:
where C 0 is the initial concentration of diesel oil within the soil, C is the concentration of diesel oil during remediation process, t is time (day) and k is the overall reaction rate constant. The values of overall reaction rate constant according to the Van Gestel et al. (2003) data are given in Table 4 . It is well known that the overall reaction rate constant in composting process is affected by several state variables including moisture content, free air space, oxygen concentration and temperature. The effects of these parameters can be accounted over the k using the Eq. (3).
To impose these effects, the actual state variables of remediation process that are given in Table 1 were used to calculate correction parameters for moisture content, free air space, oxygen concentration and temperature. It should be noted that k T is a complex exponential function of T (Eq. 4), which was developed based on fundamental thermodynamics principles (Arrhenius functions) by Haug (1993) . So the effect of the first three parameters was accounted, and subsequently the calculated values of k T at each isotherm of real composting process conditions were fitted to the Eq. (4) for determining k T20 . The value of maximum reaction rate (Cahyari and Putra 2010; Haug 1993 Haug , 1980 Jolanun et al. 2005 ). Now, sufficient data for simulation of remediation process are accessible. To validate the model, simulations were run using the operating conditions of Van Gestel et al. (2003) (Table 5) , and calculated results for oxygen and diesel concentration were compared with those measured by Van Gestel et al. (2003) . The comparisons of oxygen and diesel concentration between the simulations and experimental results are shown in Figs. 1 and 2 , respectively.
As observed, there is a reasonable agreement between the simulations and experimental results during the whole period of the remediation process. However, there were many parameters that influenced the composting process, just four of them were considered as the main parameters and the others were ignored. These simplifications as well as the assumptions of homogeneous mixture and uniform diesel concentration are the probable reasons for partial discrepancy between model result and experimental data.
The time behavior of oxygen concentration in the outlet gases is shown in Fig. 2 . Due to the high decomposition rate of diesel at the first stages of composting, large amounts of oxygen was consumed. Therefore, carbon dioxide and water vapor concentration in the exit gases increase, but the oxygen concentration decreases. As reaction proceeds, decomposition rate will be decreased which consequently increases the oxygen concentration. At higher reaction time, the decomposition rate is close to zero and the oxygen concentration remains constant. Figure 2 clearly shows that the mathematical model is in agreement with the above physical insight and it is well correlated with the experimental data.
Process optimization
In this section, the effects of amendment type, bulking agent, amendment/soil ratio and operating conditions including feed moisture content and air flow rate were investigated on diesel biodegradation. Furthermore, the optimum condition for achieving maximum remediation of diesel was determined. 
Effect of amendments
To determine the effect of amendment type on diesel biodegradation, several amendments including yard waste, sludge, biowaste and food waste were used for remediation process. Physical, chemical and thermodynamic properties of contaminated soil, amendments and bulking agent are given in Table 6 . The characteristics of yard waste, sludge, and food waste were adapted from Haug (1993) , and the given values in Table 3 were considered for biowaste characteristics.
As shown in Fig. 1 , the majority of diesel was degraded during the first 30 days of remediation process, so simulations were accomplished only for the first 30 days of remediation process. For this purpose, 10 kg of dieselcontaminated soil with concentration of 60 (g diesel/kg fresh soil) was considered for remediation. Simulation was accomplished for each amendment according to the operating condition in Table 7 .
The percentage of the decomposed diesel versus process time for each amendment is shown in Fig. 3 . As observed, at the first 10 days of the remediation process the decomposition curve has a steep slope for all amendments, afterwards the slope of the curves increase gradually and after the day 20 increasing the process time do not influence the diesel biodegradation considerably. Furthermore, it is observed that the maximum degradation of diesel occurred in the presence of yard waste amendment, and the food waste has the minimal effect on diesel degradation in comparison with other amendments. To make this result more clear, it should be noted that various factors such as process temperature, moisture content, oxygen concentration and free air space (FAS) have influenced the biodegradation reaction. On the other side, according to the Eq. (3) an amendment with lower density has a desirable effect on diesel biodegradation, and an amendment with high reaction rate constant and high heat value may restrict the diesel biodegradation. In summary, complex interactions of these parameters and their effects determine the biodegradation behavior of diesel in remediation model.
Effect of bulking agent
According to the Eqs. (6, 8, 10) , increasing the free air space and decreasing the density of the composting matrix may enhance the diesel biodegradation. So, the effect of a bulking agent was investigated on diesel biodegradation. For this purpose, wood chips were added to the composting matrix as a bulking agent in the presence of the abovementioned amendments. The characteristics of wood chips were adopted from Haug (1993) and given in Table 6 . It must be noted that for each simulation 15 kg amendment Table 6 Physical, chemical and thermodynamic properties of contaminated soil, amendments and bulking agent substrates (Cahyari and Putra 2010; Haug 1993 Haug , 1980 Jolanun et al. 2005 and 15 kg bulking agent were used and the ratio of (amendment and bulking agent)/soil was 3.
The predicted results are shown in Fig. 4 . As can be seen, addition of wood chips enhances the diesel biodegradation. For example, the value of decomposed diesel after day 30 in presence of yard waste amendment is increased from 82.44 to 88.66 %. So, addition of bulking agent has increased the diesel degradation about 6 %. As mentioned previously, addition of wood chips increases the free air space of composting matrix, which is responsible for promotion of diesel degradation.
Effect of amendment/soil ratio
In the previous sections, it was illustrated that the yard waste is an effective amendment for remediation of dieselcontaminated soils. So, in the following sections, the effects of remaining parameters were investigated only for yard waste. The remaining parameters, which may affect the diesel degradation, are the amendment/soil and bulking agent/soil ratios. To examine the effects of these two parameters on diesel degradation, both of them were varied from 0 to 5 at the constant operating conditions of Table 7 . The simulation results are represented in Fig. 5 .
As can be seen, addition of the amendment and bulking agent has a great influence on diesel biodegradation, especially when the ratios are changed from 0 to 2. With increase of amendment/soil and bulking agent/soil ratios, the physical parameters and chemical composition of composting matrix were altered and the decomposition reaction was mainly influenced. As observed the maximum value of diesel degradation was occurred at amendment/ soil = 2.5 and bulking agent/soil = 2.25. For higher values of these two parameters, the rate of diesel degradation approximately remained constant.
Effect of operating condition
To guarantee the growth and activity of microorganism's population in composting process, appropriate conditions must be provided for them. In other words, microbial population is affected by environmental conditions such as temperature, moisture and oxygen concentration. So, desirable values of these variables should be established for optimum removal of diesel in polluted soil. The most important operating parameters, which directly influence the environmental conditions within the composting matrix, are air flow rate and moisture content. To investigate the effect of these operating parameters on diesel degradation, simulation tests were accomplished for selected amendment, yard waste, at the optimum ratios of amendment/soil and bulking agent/soil. For this purpose, air flow rate was changed from 0.430 to 0.650 m 3 day -1 kgBVS -1 and moisture content was changed from 45 to 70 %. The calculated results are shown in Fig. 6 . As observed, at high and low values of air flow rate and moisture content, the decomposed diesel surface experiences a descending trend when approaching the boundaries. This happened because at low moisture content, the F1 correction factor decreases and with increase of moisture content F1 experiences an opposite behavior. At higher values of moisture content although F1 increases, F2 declines. Therefore, optimum moisture content should be within the operating condition ranges. As can be seen, 90.45 % of diesel oil has decomposed as a maximum value at 0.520 m 3 day -1 kgBVS -1 of air flow rate and 62.5 % of moisture content.
Conclusion
In this work by merging the mass and energy balance relations with reaction kinetics, a mathematical model has been developed to predict the remediation of petroleum hydrocarbon-contaminated soil by aerobic composting process. The model was solved using an iterative method. To validate the model, simulation results were compared with the experimental data of Van Gestel et al. (2003) , which were obtained for bioremediation of diesel oil-contaminated soil by aerobic composting. The comparison showed that the model results in general are in a good agreement with the experimental data especially at initial time of the process. It should be noted that many parameters including moisture content, free air space, oxygen concentration, temperature, lack of degradable organics, imbalanced pH conditions, lack of inorganic nutrients, lack of microbes, and the toxic substance can limit the reaction kinetics. However, a comprehensive description of composting kinetics based on first principles is not practical. In this study, just the effects of the first four parameters were considered on composting kinetics and the effects of the other parameters were ignored. These simplifications as well as the assumptions of homogeneous mixture and uniform diesel concentration are the probable reasons for partial discrepancy between model result and experimental data. In the other part of the current study, a sensitivity analysis has been applied to study the effect of amendment type, bulking agent, amendment/soil ratio, bulking agent/ soil ratio and operating conditions on the diesel biodegradation. In the first step, yard waste, sludge, biowaste and food waste were used as amendments to study their influence. Results revealed that the maximum and minimum degradation of diesel has been obtained for yard waste and food waste, respectively. In the next step, the influence of amendment/soil and bulking agent/soil ratios has been studied on the diesel decomposition. The results indicate that changing these ratios from 0 to 2.5 has a great effect on the diesel decomposition and increase it from 0 to about 90. Further increase in these ratios has a little effect so that diesel decomposition is almost independent of them. The results also show that the maximum diesel decomposition obtained for amendment/soil and bulking agent/soil equals to 2.5 and 2.25, respectively. In order to complete the sensitivity analysis, the effect of air flow rate and moisture content as the main operation conditions have been investigated on the diesel decomposition. As expected, diesel decomposition is an ascending-descending function of these two parameters, and the optimum operational conditions occurred for 0.520 m 3 day -1 kgBVS -1 of air flow rate and 62.5 % of moisture content.
